Circadian rhythms in clock genes, Bmal1 and Per2 expression were monitored simultaneously in the cultured slice of mouse suprachiasmatic nucleus (SCN) by dual bioluminescent reporters. In the neonatal SCN, the phase-relation between the Bmal1 and Per2 rhythms were significantly changed during culture. Medium exchange produced phase-dependent phase shifts (PRCm) in the Bmal1 rhythms, but not in the Per2 rhythms. As a result, the two circadian rhythms were temporally dissociated after medium exchange. In the adult SCN, the phase-relation between the two rhythms was kept constant during culture at least up to 20 cycles. The amplitude of PRCm in the adult SCN was significantly attenuated in the Bmal1 rhythm, whereas a PRCm was developed in the Per2 rhythm. The circadian period was not systematically affected by medium exchange in either of rhythms, regardless of whether it was in the neonatal or the adult SCN. Tetrodotoxin, a sodium channel blocker, enhanced the phaseresponse in both rhythms but abolished the phase-dependency. In addition, tetrodotoxin lengthened the circadian period independent of the phase of administration. Thus, the Bmal1 and Per2 rhythms in the SCN are dissociable and likely regulated by distinct circadian oscillators. Bmal1 is the component of a Bmal1/REV-ERBa/ROR loop and Per2 a Per/Cry/BMAL1/CLOCK loop. Both loops could be molecular mechanisms of the two circadian oscillators that are coupled through the protein product of Bmal1. The coupling strength between the two oscillations depends on developmental stages.
peptide (VIP) in the SCN, a neuropeptide critical for coherent circadian oscillation, show an endogenous nature in neonatal but lose it in adult rats 17 . Cry1 and Cry2 are not necessary for the circadian oscillation in the neonatal mouse SCN, whereas they are crucial for the adult 18 . Previously, we found that medium exchange induced phase-dependent phase-shifts of circadian Bmal1 rhythm in the cultured SCN slice of neonatal mice but not of the adult 19 . Thus, the circadian rhythms in the SCN make developmentally different responses to environmental perturbations, which could be ascribed to the SCN neural network 20, 21 and responsible for maternal entrainment in the early life and light entrainment afterwards.
In the present study, taking advantage of a dual bioluminescence reporter system for Bmal1 and Per2 expressions 22, 23 , circadian rhythms of both gene expressions were simultaneously determined in the cultured SCN slices from neonatal and adult mice. ELuc, a reporter of Bmal1 expression, emits a shorter wavelength and SLR2, a reporter of Per2 expression, emits a longer wavelength ( Supplementary Fig. 1 ). The two reporter signals were successfully separated by using a 620 nm long pass filter. Here, we report internal dissociation of circadian Bmal1 and Per2 rhythms and their differential responses to external perturbation, suggesting distinct circadian oscillators involved in these rhythms. The responsiveness of these circadian rhythms depends on the developmental stage.
Results
Circadian rhythms of Bmal1 and Per2 expression in the cultured SCN slice. Coronal brain slices of 300 μm thickness including the middle part of SCN were obtained from neonatal (6 days old) and adult (2-5 months old) mice of both sexes carrying dual bioluminescence reporters. A bilateral SCN was dissected from the slice with a surgical knife and explanted on a culture membrane for a long term culture. Bmal1-ELuc and Per2-SLR2 expression were measured simultaneously at 20 min intervals. The reporter signals were successfully separated by a long-pass filter ( Supplementary Fig. 2 ). The transmission coefficient was stable and independent of the time of day and the intensity of bioluminescence in the range measured in the present study ( Supplementary Fig. 1 ).
In the neonatal SCN, Bmal1 and Per2 expression showed robust circadian rhythms (Fig. 1a) . The circadian peak on the 1 st day of culture was detected at Zeitgeber Time (ZT) 0.8 ± 1.1 (mean ± SD, n = 6) for Bmal1 and at ZT13.8 ± 1.7 (n = 6) for Per2, which were almost in anti-phase, where ZT0 was defined as the time of light-on in the pre-culture light-dark cycle (Fig. 1a-c) . The free-running circadian rhythms in culture were not in parallel and much faster in Bmal1 than in Per2, resulting in shortening of the phase difference (ψ) between them (Fig. 1d) . The mean free-running circadian period calculated from a regression line fitted to the successive circadian peaks was significantly different between the two rhythms (Bmal1, 23.18 ± 0.34 h; Per2, 23.41 ± 0.35 h), (Period difference; 0.22 ± 0.05 h, p < 0.01, paired t-test) (Fig. 1e) . Chi-square periodogram adapted to the data in the whole cycles (20 cycles) confirmed the difference (Bmal1, 23.16 ± 0.34 h; Per2, 23.32 ± 0.37 h), (Period difference; 0.16 ± 0.05 h, p < 0.01, paired t-test) (Fig. 1f) . The period difference between the Bmal1 and Per2 rhythms was not significant in the first 10 cycle (0.20 ± 0.20 h, but significant in the last 10 cycles (0.24 ± 0.12 h, p < 0.05, paired t-test). The lack of significant difference in the first 10 cycles might be due to the lability of circadian rhythms immediately after the perturbation 2 . A small difference in circadian period may result in a large phase-difference between the two rhythms in a long run. Actually, ψ was decreasing in the course of culture, showing 10.17 ± 0.34 h in the first 10 cycles and of 7.66 ± 0.75 h in the last 10 cycles (Fig. 1g) . They are significantly different (paired t-test, p < 0.01) (Fig. 1h) . These results indicated that internal dissociation occurred between the two circadian rhythms.
In the adult SCN, the Bmal1 and Per2 expression showed robust circadian rhythms ( Fig. 2a-c ) and the antiphasic relation between them persisted at least up to the 20 culture day (Fig. 2d) . The mean circadian periods of two rhythms were not significantly different by a regression line (Bmal1, 22.58 ± 0.31 h; Per2, 22.73 ± 0.18 h, n = 8) (Period difference; 0.12 ± 0.19 h, paired t-test, n.s,) (Fig. 2e) nor by chi-square periodogram (Bmal1, 22.64 ± 0.30 h; Per2, 22.82 ± 0.14 h, n = 8), (Period difference; 0.18 ± 0.16 h, paired t-test, n.s.). By the latter method, the period difference between the Bmal1 and Per2 rhythms was significant in neither the first (0.23 ± 0.41 h, n.s., paired t-test) nor the second 10 cycle (0.20 ± 0.27 h, n.s., paired t-test). The phase-relation was essentially kept constant ( Fig. 2g ) and the mean ψ did not significantly change during culture (9.31 ± 1.25 h, n.s, for the first 10 cycles and 8.73 ± 1.78 h, n.s, for the last 10 cycles, t-test) (Fig. 2h) .
The circadian periods of gene expression rhythms in the adult SCN slice were far shorter than those of the circadian behavior rhythms 23, 24 . The circadian periods in the culture system are not necessary the same as those in vivo, because the culture conditions are not identical to the tissue environments and the SCN is isolated from the rest of circadian system in the whole body, which abolishes the interactions between them. Similar circadian periods have been reported in the SCN slice culture 24 .
Phase-dependent phase-shifts of circadian Bmal1 and Per2 rhythms for medium exchange in the neonatal SCN. Exchange of culture medium with fresh one induced a phase-shift in the circadian Bmal1 rhythm in the neonatal SCN slice, depending on the circadian phase where medium exchange was done (Fig. 3a) . The medium exchange was repeated 3 to 4 times for one SCN slice at intervals of 6-9 cycles and 22 exchanges in total were performed for 6 neonatal SCN. The amount of phase-shift was calculated in such a way that two regression lines were obtained by fitting successive 6-9 circadian peaks before and after medium exchange and a phase difference was obtained by forward and backward extrapolations of the regression lines onto the day of medium exchange ( Fig. 3b) . The phase-shift was expressed in degrees as well as in hours and the mean phase-shift was calculated in 6 h bins in circadian time (CT), where the circadian peak of Bmal1 expression was defined as CT1.
Significant phase-delay shifts were detected at CT6-CT12 (n = 9) and CT12-CT18 (n = 4) in the Bmal1 rhythm (Fig. 4a) . Interestingly, a significant phase-advance shift was not observed in the Bmal1 rhythm. On the other hand, significant phase shifts were not observed in the Per2 rhythm. Thus, the magnitude of phase-shift was significantly larger in the Bmal1 rhythm than in the Per2 at CT6-CT12 and CT12-CT18 (p < 0.01, one-way ANOVA). The phase-dependent phase-shift was also confirmed by the Rayleigh plot ( Supplementary Figs 2 and 3) . Changes in the circadian period by medium exchange were plotted in a similar way to that for phase-shifts (Fig. 4b) . Phase-dependency of the period change was not detected for either of circadian rhythms.
Phase-responses of circadian Bmal1 and Per2 rhythm in the adult SCN and effects of TTX treatment. The different phase-responses to medium exchange were detected in the adult SCN slice (Fig. 5 ) from those in the neonatal SCN in both circadian Bmal1 and Per2 rhythms. In this experiment, 5.2 μl of distilled water (Gibco, Japan) was added to the dish as the control of following TTX experiment. The SCN slice on a culture membrane was removed from a culture dish. After application of distilled water, culture medium was mixed and the membrane with an SCN slice was returned to the dish. No significant phase-shift was detected by this procedure. A significant phase-shift was detected in the Bmal1 rhythm at CT12-CT18 (n = 5) (Fig. 6a) . However, the magnitude of phase-shift was significantly smaller than that in the neonatal SCN (4.0 ± 1.8 h v.s. 7.0 ± 2.3 h; p < 0.01, two-way ANOVA with post-hoc Tukey-Kramer test). The result was confirmed by the Rayleigh plot ( Supplementary Fig. 2 ). On the other hand, not only phase-advance shift at CT0-CT6 (n = 5) but also phase-delay shifts at CT6-CT12 (n = 4) and CT18-CT24 (n = 6) were detected in the circadian Per2 rhythm (p < 0.01, a paired t-test). A significant difference in the magnitude of phase-shift between the Bmal1 and Per2 rhythm was detected at CT0-CT6 and CT12-CT18 by the linear statistics (Fig. 6a ) and the Rayleigh plot ( Supplementary Figs 2 and  3 ). In summary, the PRC of Bmal1 rhythm kept essentially the same phase-responsiveness in the adult SCN as in the neonatal, but the magnitude of phase-shifts was decreased. On the other hand, the PRC developed for the Per2 rhythm in the adult SCN. The phase of PRC, however, was different from that of Bmal1 rhythm, showing both the phase-delay and phase-advance portion. Changes in the circadian period by medium exchange were not phase-dependent for either of circadian rhythms (Fig. 6b) .
In order to understand a role of SCN neuronal network in phase-shifts induced by medium exhange, tetrodotoxin (TTX), a sodium channel blocker, was added to the culture medium. TTX (Wako, Osaka, Japan) was dissolved in distilled water and 5.2 μl of TTX solution was added to the culture dish (the final concentration, 200 nM) in the same manner as in the control. This dosage of TTX was enough to completely suppress the spontaneous discharge in the SCN slice on a multi-electrode dish 25 . TTX pretreatment itself did not affect the circadian Bmal1 and Per2 rhythms. Medium exchange in the TTX pretreated SCN showed different effects on the magnitude of phase-shifts as well as phase responsiveness in both circadian rhythms from those in the control SCN (Fig. 7a) . The mean phase-shift in absolute value was significantly larger in the TTX pretreated SCN than in the vehicle treated for both the Bmal1 and Per2 rhythms (Bmal1: 2.93 ± 1.59 h for vehicle, 5.68 ± 4.45 for TTX, f = 28; Per2: 2.94 ± 1.22 h for vehicle, 4.23 ± 1.76 for TTX, f = 32, p < 0.05, t-test). However, TTX pretreatment abolished the phase-dependency of phase-shifts by medium exchange for both circadian rhythms. On the other hand, the Rayleigh plot revealed a significant phase-shifts of the Bmal1 rhythm at CT12-CT18 ( Supplementary Fig. 2 ), which was almost 180 degrees from the phase before medium exchange.
The circadian period was significantly lengthened by medium exchange for both rhythms (period difference: Bmal1, 0.85 ± 0.83 h, p < 0.001; Per2, 1.30 ± 1.40 h, p < 0.001, n = 19, paired t-test). And the period change was significantly at CT12-CT18 in the Per2 rhythms (p < 0.05, t-test).
Discussions
Simultaneous monitoring of Bmal1 and Per2 reporter expression enabled us to analyze dynamics of the interlocked molecular loops for circadian rhythm generation. Although the intensity of bioluminescence emitted from SLR2 was smaller than that from ELuc, the high transmission ration for a long-pass filter (620 nm) and the strong expression of Per2 gene made a detection of circadian rhythm possible. The circadian rhythms in Bmal1 and Per2 expression in the neonatal SCN slices showed internal dissociation during culture. The dissociation was not detected in the adult SCN. TTX pretreatment in the adult SCN enhanced phase-shifts but disorganized the phase-responsiveness in both circadian rhythms. These findings indicate that the circadian rhythms in Bmal1 and Per2 expression in the cultured SCN are dissociable and regulated differently by different oscillating mechanisms. There is a developmental change in the circadian organization of the SCN for Bmal1 and Per2 expression.
The Bmal1 loop has been regarded to interlock with the core molecular loop for circadian rhythm generation through activation and suppression of RevErbα/ROR response element in the promoter of Bmal1 gene 5, 6 . Pharmacological manipulation of RevErbα was reported to alter the amplitude of the circadian Bmal1 and Per2 expression without changing the circadian period 26 . However, knocking out of RevErbα did not affect the circadian Per2 expression rhythm at all, making us doubt an essential role of the Bmal1 loop for circadian rhythm generation 27 . The present study demonstrated that the Bmal1 and Per2 expression rhythms in the SCN were dissociable, showing steady changes in the phase-relationship between them. This dissociation is not likely a transient disarrangement of constituent elements of the molecular loops by slice preparation, since it was observed in a long-run culture and gets larger in the later stage than in the immediate after slice preparation (Fig. 1) . The dissociation is likely due to distinct oscillations underlying the two circadian rhythms, namely the oscillations generated by the core molecular loop and the Bmal1 loop. These findings are consistent with our previous result that Bmal1 and Per2 transcriptions in the cultured SCN slice of adult mice showed different responses to cycloheximide, an inhibitor of protein synthesis 28 . A similar dissociation of circadian rhythms in different clock gene expression was reported after an abrupt phase-shift of light-dark cycle 29 or an single light pulse 30 . It is not known whether they are completely independent of each other or not, since changes of the phase difference did not exceed beyond 12 hours. It is also not known whether the dissociation occurs in the intracellular oscillations or between two different SCN regions where either of the two clock gene expression is predominant. Clock gene expression shows regional specificity in abundance and period [31] [32] [33] . The circadian oscillation in the dorsomedial SCN was reported to be faster than that in the ventromedial SCN 33, 34 . However, such regional specificity is not known for the Bmal1 and Per2 expression rhythms.
Dissociation between the circadian Bmal1 and Per2 expression rhythms was also detected in phase-response to medium exchange (Fig. 3) . Medium exchange is known to produce phase-dependent phase-shifts in clock gene expression in the cultured SCN 35 . Previously, we reported that the circadian Bmal1 rhythm in the neonatal SCN slice of mice produced phase-dependent phase shifts in response to medium exchange, whereas the phase shifts was not significant in the adult SCN 19 . The differential responses in the neonatal and adult SCN in the present study are consistent with the previous results. Importantly, the circadian Per2 rhythm in the neonatal SCN did not significantly respond to medium exchange. As a result, the phase-relation between the circadian Bmal1 and Per2 rhythm was changed significantly. Interestingly, the responsiveness of circadian rhythms changed in the adult SCN. The amount of phase-shifts was reduced in the circadian Bmal1 rhythm, whereas small but significant phase-shifts were detected in the Per2 expression rhythm. In addition, the shape of PRC of the Per2 rhythm was different from that of the Bmal1.
The circadian period was not systematically affected by medium exchange in either of rhythms, regardless of whether it was in the neonatal or in the adult SCN (Figs 4b and 6b) . The finding suggests a different mechanism of phase-shifts from that induced by lights, in which a phase-delay shift was associated with a lengthening of the circadian period and a phase-advance shift with a shortening of the period 36 . The mechanism of phase-shifts induced by medium exchange is not well understood. Only fresh medium has a potency to produce phase-shifts 19 . TGFβ in the medium was reported critical to induce phase-shifts by medium exchange 37 . On the other hand, the responsiveness of the SCN circadian pacemaker to external perturbation depends substantially on the neural network 38, 39 . In this respect, differential responses at different developmental stages and effects of TTX are most interesting. The neural network in the SCN was reported to ontogenetically change 15, 17, 18 . Actually, the neonatal SCN has less synaptic connections than in the adult 40, 41 . TTX blocks neural communication in the SCN and decouples not only among the cellular circadian oscillations 2 but also between the regional oscillations in the dorsomedial and ventrolateral SCN 3 . TTX pretreatment enhanced the phase-shift by medium exchange but abolished the phase-dependency for both circadian rhythms. In addition, TTX pretreatment lengthened the circadian period after medium exchange (Fig. 7) . These findings could be ascribed to the disruption of couplings among constituent cellular or regional oscillators in the SCN 42 . Physiological significance of the present study lies on the developmental changes in entrainment of the circadian clock. The circadian oscillation in the neonatal SCN is entrained by maternal rhythms up to at least the postnatal day 4 and to the 3 rd week of life without light information 10 . Such a non-photic entrainment is not Mean phase-shifts with SD at CT0-CT6 (n = 5), CT6-CT12 (n = 4), CT12-CT18 (n = 5) and CT18-CT20 (n = 6) (lower). See also the legend for Fig. 4a . A significant phase-shift is indicated with asterisk (*). *p < 0.05, **p < 0.01, and a significant difference in the response between the two circadian rhythms is shown with dagger ( † ). 12, 43 or exceptional 44 in adult animals. The mechanism of non-photic entrainment of the SCN circadian pacemaker is not well understood but could be related with the property of neural network in the SCN 15, 18 . It is concluded that the circadian rhythms in Bmal1 and Per2 expression in the cultured SCN are dissociable and show different properties to external perturbation. They are most likely regulated by different circadian oscillators. Developmental changes in the SCN neural network might be involved in the properties of circadian organization in the SCN.
Methods
Animals. Bmal1-ELuc:Per2-SLR2 mice of C57BL/6 J background 23 were used in the present study. They carried dual bioluminescence reporters for Bmal1 and Per2 expression. Double heterozygous (Bmal1ELuc/+:Per2SLR/+) mice were backcrossed more than 7 times. They were born and reared in our animal quarters where environmental conditions were controlled (temperature 22 ± 2 °C, humidity 60 ± 5%, 12 h light and 12 h dark with lights-on at 0600-1800). Lights were supplied with fluorescent tubes and the light intensity was ca. 100 lx on the surface of the animal cage. The littermates were housed in a polycarbonate cage (182 × 260 × 128 mm, CLEA Japan) with their mother until postnatal day 21 when they were weaned and housed with 2-4 littermates of the same sex. They were provided with commercial chow and tap water ad libitum. Animal experiments were performed in accordance with Guidelines for the Care and Use of Laboratory Animals in Hokkaido University with the permission No. 13-0064 from the Committee for Animal Experimentation in the Hokkaido University. SCN culture and bioluminescence measurement. Neonatal (6 days old) and adult (2-5 months old) mice of both sexes were euthanized by cervical dislocation and decapitation. Their SCN were cultured as described previously 19 . Briefly, the brain was sampled at around the middle of light phase. A coronal brain slice of 300 μm thick was prepared with Microslicer (Dosaka, Osaka, Japan) including the major part of the SCN. A bilateral SCN was dissected from the slice with a surgical knife and explanted on a culture membrane (Millicell CM, pore size 0.4 μm, Millipore) in a 35 mm petridish. The tissues were cultured with 1.3 ml DMEM (Gibco-Invitrogen) supplemented with 0.1 mM D-Luciferin K salt (Wako), NaHCO 3 (2.7 mM), HEPES (10 mM), kanamycin (20 μg/ml, Gibco), insulin (5 μg/ml, Sigma-Aldrich), putrescine (100 μM, Sigma-Aldrich), human transferrin (100 μg/ml, Sigma-Aldrich), Progesterone HBC complex (2.3 μg/ml, Sigma-Aldrich) and sodium selenite (30 nM, Gibco). The dishes were placed on a luminometer (AB-2550 Kronos Dio, ATTO, Tokyo, Japan) and bioluminescence from SLR2 and ELuc was measured for 1 min at 20 min intervals alternatively with and without a 620 nm long-pass filter (R62 filter, Hoya, Tokyo, Japan). Unless otherwise stated, the measurement was continued without exchanging the culture medium.
Separation and calculation of emitted bioluminescence from the dual reporter gene products.
Bioluminescence emissions from Bmal1-ELuc or Per2-SLR2 were calculated as reported previously 22 . Briefly, the total emission without filtering and the transmitted emission through a R62 filter were measured using the SCN from each single reporter mouse, i.e. Bmal1-ELuc mouse or Per2-SLR2 mouse. The transmission coefficients were obtained from the transmitted emission divided by the total emission (0.03 for ELuc, 0.55 for SLR2). The emissions from Bmal1-ELuc and Per2-SLR2 were evaluated from the following formula.
where F0 is the total emission, F1 is the transmitted emission through R62 filter, and G and R are the respective emissions from Bmal1-ELuc and Per2-SLR2.
Medium exchange. Exchange of culture medium was done at different phases of circadian Bmal1 rhythm.
After pre-culturing for several days, culture medium was discarded by suction and fresh medium was added to the dish. Culture dishes were immediately returned to the luminometer. The exchange of culture medium was repeated several times at intervals of 6-10 cycles in the neonatal slices but not in the adult. In total, 22 medium exchanges were done for 6 neonatal SCNs. The order of medium exchange was randomized in terms of circadian phase, so that particular CTs were not examined at the earlier or later times in culture. Actually, there detected no order-effect on the phase-shifts by medium exchange.
TTX treatment. Tetrodotoxin (TTX, Wako, Osaka, Japan) treatment was performed as described previously 25 . Briefly, TTX was dissolved in distilled water (Gibco) to prepare the 50 μM stock solution. An adult SCN slice (n = 19) on a culture membrane was removed from a culture dish and 5.2 μl of TTX solution was added to the dish (the final concentration, 200 nM). As a control, distilled water was added to an adult SCN (n = 20). After mixing culture medium, the membrane with an SCN slice was returned to the dish. Five days later, medium exchange was done as described above. The same volume of distilled water (vehicle) was applied to the culture medium as the control with the same manner.
Data analysis. The peak circadian phase and the amount of phase-shift were obtained as described previously 19, 45 . A set of original time series data of bioluminescence was smoothed by a 5 point (80 minutes) moving average method and detrended by a 24-hour moving average subtraction method. There was no significant difference in the initial circadian peak phases of Bmal1 and Per2 rhythm between the neonatal and adult SCN. To calculate the magnitude of phase-shifts, successive circadian peak phases were plotted against culture days and a linear regression line was fitted to the peak phases for at least 7 cycles immediately before and after medium exchange. A difference was calculated between the two phases on the day of medium exchange predicted by forward and backward extrapolations of a regression line. The phase of medium exchange was expressed in CT by dividing 24 h by the circadian period immediately before the medium exchange. The circadian period was determined from the slope of a regression line and validated by chi-square periodogram (ClockLab, Actimetrics).
